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Variable-pitch (VP) technology is an effective approach to upgrade the aerodynamics
of the blade of an H-type vertical-axis wind turbine (VAWT). At present, most of the
research efforts are focused on the performance improvement of the azimuth angle
owing to the large angle of attack (AoA). On the blade circular path of an H-type
VAWT, there are two azimuth positions where torques are negative, and the perfor-
mance is the poorest. The vicinity zones of the two azimuths also have low perfor-
mance and greatly weaken the overall productivity of VAWT. In this paper, we
propose a new technology that, unlike the traditional VP-technology, focuses mainly
on the aerodynamics improvement of the azimuth position with small AoA. The
purpose of this novel approach is to widen the band of azimuth positions with high
performance and eventually enhance the power efficiency of the overall VAWT.
The performance of the new VP-VAWT is predicted using the Double Multiple
Streamtubes model and Prandtl’s mathematics to evaluate the blade tip loss.
Compared with the fixed-pitch (FP) blade, the VP-blade has a wider zone of the
max AoA and tangential force in the upwind half-circle and yields the two new
larger max values in the downwind half-circle. The new VP-strategy considerably
narrows the two low-torque zones near the 0 and 180 azimuths and markedly
widens the high-torque azimuth zone; the torque distribution appears in a trapezoi-
dal shape in the upwind region and an M-like shape in the downwind region. The
power distribution in the swept area of turbine changes from an arched shape of
the FP-VAWT into a rectangular shape of the VP-VAWT. At last, an 18.9% growth
in power efficiency is achieved. All of the above results confirm that the new
VP-technology can effectively improve VAWT performance and also widens the
highest performance tip speed ratio zone which makes the turbines capable of running
with high efficiency in wider zones. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4989795]
I. INTRODUCTION
Today, most wind energy comes from large, three-bladed horizontal-axis wind turbines
(HAWTs). Darrieus wind turbines are lift-type vertical-axis wind turbines (VAWTs), in which
the lift acts on the blades, causing spinning of the rotor and hence resulting in the generation of
electricity. Darrieus VAWTs, whose design was first patented in 1931 and then named after
their French inventor G. M. Darrieus (Schonborn and Chantzidakis, 2007), are the most efficient
among all other types of VAWTs. Generally, Darrieus VAWTs can attain coefficients of power
which are comparable to those of HAWTs but have several potentially significant advantages
a)Author to whom correspondence should be addressed: joephy@163.com
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over HAWTs (Cooper and Kennedy, 2004). For example, VAWTs accept wind coming from
any directions and can operate in harsher wind conditions, including lower wind-speeds and
more turbulence (Mertens, 2006). VAWTs are sometimes installed on building roofs as a way
of capturing energy in windy urban areas, providing distributed power generation (Sagharichi
et al., 2016). The application of VAWTs in wind power generation grows slowly as compared
with that of HAWTs, the essential reason of which is that the conventional fixed-pitch (FP)-
VAWTs have some inherent shortcomings such as problems of lower starting torque and rela-
tively low power efficiency than those of HAWTs (Firdaus et al., 2015) and the narrow band of
the tip speed ratio (TSR) with high performance (Liu et al., 2015).
Darrieus VAWTs can be divided into several categories according to their configurations:
egg beater-shaped turbines with curved blades (also called U-type turbines), Giromill turbines
with straight blades, variable-geometry oval-trajectory Darrieus turbines, etc. (Cooper and
Kennedy, 2004). Giromill turbines can have any number of blades starting from two and reaching
the five-bladed configurations of the commercially available turbines. However, the most common
configurations are with two- and three-bladed designs (Bhutta et al., 2012). Among these, the
two-bladed design of the Giromill turbine is frequently referred to as the H-type turbine. In addi-
tion, due to the similar fundamental theoretical basis of extracting kinetic energy from moving
fluid and converting it into useful electrical power, H-type turbines are also employed as marine
current turbines which encounter the same problems as VAWTs, such as low efficiency and poor
self-starting (Schonborn and Chantzidakis, 2007 and Hantoro et al., 2011). Therefore, extensive
researches have been conducted on H-type turbines of both wind and tidal energies to investigate
their running mechanism, and a large number of approaches have been attempted to improve the
efficiency of the turbines, including aerofoil upgradation (Mohamed et al., 2015; Claessens,
2006; and Sengupta et al., 2016), structure optimization (Kirke, 1998 and Eboibi et al., 2016),
and utilization of Variable-pitch (VP)-technology (Shires and Kourkoulis, 2013).
The blade is definitely one of the most important components of wind turbines and plays a
key role in the production of electrical power (Xisto et al., 2014). The blades of H-type
VAWTs can be designed as FP- or VP-configurations. Apart from having the potential to over-
come the self-starting issues associated with VAWTs, the VP-design commonly achieves a
comparatively higher power coefficient (Paraschivoiu et al., 2009) and is thus one of the effec-
tive approaches to accomplish performance improvement. Large-scale investigations on the
aerodynamics and optimization of their pitch angle have been performed by using 2D or 3D
computational fluid dynamics (CFD) modeling (Sagharichi et al., 2016 and Elkhoury et al.,
2015), Double Multiple Streamtubes (DMST) model (Liu et al., 2015), and other experiments
(Elkhoury et al., 2015 and Hantoro et al., 2011). VP-technologies can be categorized into two
basic types: active and passive. Among the active VP-technologies, two main strategies of pitch
control with two different movement curves are commonly used; the first one is the cyclic VP-
technology, in which the changes of the pitch angle versus azimuth angle are of sinusoidal
curve. Schonborn and Chantzidakis, 2007 studied the mechanism of a cyclic VP-marine current
turbine, and the results showed that the turbine obtained a reliable self-starting ability and the
efficiency was improved by up to 20%. Erickson et al. (2011) tested a VP-VAWT controlled
by a cyclic VP-strategy in a wind tunnel over a wide range of design and operational variables
and achieved a 35% efficiency improvement over FP-VAWT. Chougule and Nielsen (2014)
designed a 500-W VAWT to implement the pitch control mechanism using the cyclic VP-
technology. Its aerodynamics was predicted using the DMST model, and the results showed
that only 5 of the pitch angle amplitude increased the power coefficient of the VAWT by
12%. Another approach is the cycloidal VP-technology, in which the changes of the pitch angle
are much closer to a sinusoidal curve. Zhang et al. (2013) investigated the aerodynamics of
VP-VAWT controlled by a cycloidal strategy. Compared with the FP-VAWT, the aerodynamic
performance in the upwind half-circle of VAWT with the optimized blade pitch angle was
greatly improved, particularly in the azimuth region from 90 to 180; the effective region was
expanded and was nearly twice larger than that of the FP case. Hwang et al. (2009) conducted
studies on the productivity of a cycloidal water turbine by CFD and experiments. The optimal
parameters were determined, and the performance of the turbine was approximately 70% better
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than that of the FP-turbine. Furthermore, a substantial amount of research work on cycloidal
VP-marine current turbines was conducted to overcome their drawbacks and improve the over-
all performance of the turbines in China (Wang et al., 2004 and Zhang et al., 2011).
However, both VP-strategies mentioned above emphasize mainly the performance enhance-
ment of azimuths with a high angle of attack (AoA) in the case of FP. The effects on the blade
revealed by the above studies can be summarized as follows: both 90 and 270 azimuths have
the biggest AoA in FP-VAWTs, and the largest growth of performance will be obtained in the
same positions of VP-VAWTs. While, when the biggest AoA is approximate to the critical
value, the magnitude of the largest growth is much small, other azimuths would have smaller
changes of performance. This phenomenon can be directly seen in Fig. 1 (Kosaku et al., 2002).
To solve this problem, we proposed a new VP strategy intended to mainly upgrade the perfor-
mance of azimuths with smaller AoA in FP-VAWTs and consequently widen the high-
performance azimuth zone or narrow the zones of poor performance. The work described in
this paper was conducted by using the DMST model.
II. EXPLANATION OF THE DARRIEUS CONCEPT
A. Basic theory of the Darrieus turbine
The Darrieus turbine is a cross-flow machine whose axis of rotation meets the flow of the
working fluid at right angles. Considering the 2D case of a blade moving in a circular path
(illustrated in Fig. 2), the rotating blade experiences a changing resultant flow, which is the vec-
tor sum of the local wind speed and the blade’s own speed. Both the AoA and the magnitude
of resultant velocity vary with the azimuth position of the blade. In mathematical models, the
path circle is usually divided into two half-circles by the line connecting the two azimuths (0
and 180): an upwind half-circle and a downwind half-circle. In general, the resultant flow
always comes from the upwind side of the blade: the outer side on the upwind half-circle and
the inner side on the downwind half-circle (Islam et al., 2008). At small non-zero AoAs, pro-
vided that the drag is small or the lift is large enough, the blade overcomes the drag and con-
tributes to the positive torque to the turbine on which it is mounted. This torque is used to drive
load and extract energy from the wind. Due to the oscillating AoA, in contrast to the case of
HAWT, the blade of the VAWT always produces fluctuating torque (Fig. 3) even in steady con-
ditions (Zhao et al., 2017).
The blades employ typically symmetrical airfoil sections fixed tangentially to the circular
path on which they rotate. Throughout one rotation of the turbine, every blade passes through a
whole range of AoA of both positive and negative values. At 0 and 180 azimuths, the relative
FIG. 1. Changes of AoA in traditional VP-VAWT (Kosaku et al., 2002).
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movement of the blade and working fluid are directly opposite (Fig. 2), which contributes to
two zero AoAs according to the velocity triangle. Zero AoA results in zero lift, thereby causing
the two biggest negative torques characterized as brake torques at 0 and 180 azimuths. Due
to Vr ¼ U þ Vw at 0 and Vr ¼ U  Vw at 180 (here, Vr is the magnitude of the resultant flow,
U is the magnitude of the tangential flow, and Vw is the magnitude of the upwind flow), the 0

position has a larger brake torque (Fig. 3). The vicinities of the two azimuths also have nega-
tive values because the lift is not sufficient to overcome the drag caused by the high resultant
speed. The other two azimuths (90 and 270), where the directions of the upwind flow and tan-
gential flow are vertical to each other (Fig. 2), exhibit the maximum AoAs and torques (Fig. 3).
The former azimuth has better aerodynamics than the latter due to the higher upwind speed in
the former position.
B. Cyclical VP-strategy
VP-VAWTs have been investigated since the 1970s and invariably found to provide greater
efficiency than FP-VAWTs. Because a VAWT blade is subject to cyclic variations in the wind
FIG. 2. Illustration of the Darrieus rotor.
FIG. 3. Curve of the torque coefficient of a single blade.
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speed and AoA (Fig. 2), efficiency improvements can result from the corresponding variations
of the pitch angle of the blade to optimize the AoA at each point in its cycle (Erickson et al.,
2011). Due to the cyclical fluctuations of the AoA of the blade, any improvements made to the
AoA have to be of cyclic nature (Schonborn and Chantzidakis, 2007). The curve of the pitch
angle is expressed by Eqs. (1) and (2),
c ¼ Ac sinðhÞ; (1)
Ac ¼ As  As k
X0
 
sinðhÞ; (2)
where c is the variable value of the pitch angle changed with the azimuth, Ac is the max pitch
angle at a certain TSR, As is the max pitch angle at all TSRs, k is the TSR, and X0 is the TSR
of max CP at zero Ac.
As can be seen in Fig. 4, showing the changes in the pitch angle of the blade throughout
one rotation, the change tendency in the pitch angle is almost the same as those in the AoA of
the FP-VAWT. Due to the max AoA in the FP-VAWT, the two positions of 90 and 270 dis-
play the max pitch angle in the VP case. As a result, the pitch angle changes following a sinu-
soidal curve (Fig. 5).
C. Cycloidal VP-strategy
In cycloidal VP-VAWT, the blades have an oscillatory motion around their own axis, super-
imposed on the uniform rotation motion. This oscillatory motion is characterized by the follow-
ing properties (Fig. 6). Considering a cross-section of the turbine, the lines normal to the profile
chord for every blade position intersect a given point “P” during a complete revolution. From
the triangle of velocity in Fig. 6, it can be seen that the two azimuths of 90 and 270 are still
close to the maximum pitch angle in VP-VAWT, and 0 (180) maintains the zero value. The
overall pitch angle curve is expressed as Eq. (3) and depicted in Fig. 7. Two trends are obvious
in both Eq. (3) and Fig. 6: (1) the closer proximity to 90 (270) of the azimuth results in a
FIG. 4. Illustration of the cyclical variable pitch.
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larger pitch angle; and (2) the variation speed of the pitch angle within the azimuth range of
90–270 is much greater than that within the azimuth ranges of 0–90 and 270–360,
c ¼ Ac sin h arctan sin h
cos hþ k
 
: (3)
Equation (3) shows that the decrease in TSR leads to an increase in the pitch angle. At a
certain TSR, the pitch angle will reach a negative value. This means that the AoA has sur-
passed the critical value, and the stall will happen at small TSR; thus, the pitch angle must be
FIG. 5. Curve of the pitch angle in the cyclical strategy.
FIG. 6. Illustration of the cycloidal variable pitch (Camporealea and Magi, 2000).
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adjusted in another direction of decreasing AoA to avoid the stall occurring on the upper sur-
face of the blade.
D. New VP-strategy
Two traditional VP-strategies have one common point that the azimuth with a larger AoA
will be offered a larger pitch angle. Affected by the performance, as expressed by the lift coef-
ficient (CL  a) of airfoil, the blade has an optimum AoA (about 10) corresponding to the
highest performance. At values of AoA which are greater than the optimum value, the torque
of the blade will decrease. Therefore, the space for performance enhancement in traditional VP-
strategies, in which the max growth of AoA was designed to generate at azimuths of 90 and
270 with the larger AoA in the FP-blade, is exceedingly limited.
The new VP-strategy proposed in this paper focuses mainly on the performance improve-
ment of azimuth owing to a small AoA in the FP-blade. The aim of the VP-strategy is to nar-
row the azimuthal range of poor performance and widen the range of high performance. As
mentioned in Sec. II A, the positions of 0 and 180 are the transform points between the posi-
tive and negative AoAs, and thus, the effect of the pitch angle curve cannot avoid the zero
AoAs. To accomplish our purpose, we divided the circular path into five zones (Fig. 8), and in
different zones, the pitch angle had different variation tendencies. The pitch angle increased in
the zones 1 and 5; it initially decreased but then rose again in zone 2. In zone 3, the pitch angle
declined, whereas in zone 4, it increased at first but then decreased. The four transform points
among these zones were 0, 90, 180, and 270, and their pitch angles did not change (Fig. 9).
In the whole, the curve of the new VP-strategy was constructed by two trigonometric function
ones: a sinusoidal curve in the range of 112.5–202.5 and a negative sinusoidal curve in the
ranges of 202.5–360 and 0–112.5. As illustrated in Fig. 8, we defined the presence of a pos-
itive pitch angle when the blade rotated counterclockwise around its own axis, and the leading
edge of the blade pointed toward the inner side of the circular path. In contrast, the angle was
negative when the blade rotated and the leading edge pointed in the opposite direction. Overall
differences between the four turbines are summarized in Table I.
III. COMPUTATIONAL MODEL
A. Double multiple streamtubes model
Momentum models were commonly used to calculate the streamwise aerodynamic force on
the blades exerted by the flow through VP-VAWTs. Templin (1974) first applied the momen-
tum theory to model VAWTs, using a Single Streamtube (SST) encompassing the entire turbine
within which the momentum balance was calculated. The flow velocity within the streamtube
FIG. 7. Curves of the pitch angle.
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was assumed to be uniform in the SST model, and the accuracy of modeling results needed to
be promoted. Strickland (1975) extended the model in which the flow through the turbine was
divided into several independent streamtubes. The momentum model was implemented sepa-
rately for each streamtube, allowing an arbitrary variation in the inflow. Paraschivoiu and
Delclaux (1983) divided the circular path into two half-circles: an upwind half-circle and a
downwind half-circle; each streamtube was also divided into two halves, allowing for a differ-
ence between the upwind and downwind passes of each blade. This model is the so-called
“Double Multiple Streamtubes (DMST)” model (Pawsey, 2002) in which the momentum bal-
ance is maintained separately for each half streamtube. The DMST model considers a partition
FIG. 8. Illustration of the new variable pitch.
FIG. 9. Curve of the pitch angle in the new strategy.
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of the turbine in the streamtubes and treats each of the two blade elements defined by a given
streamtube as an actuator disk. A streamtube of this type is illustrated in Fig. 10 (Paraschivoiu
et al., 2009), showing the values of the velocity of the flow at key positions along it. In the figure,
“disk 1” represents the upwind blade element and “disk 2” represents the downwind blade element.
The actuator disk theory is based on the momentum conservation; therefore, the velocities
of the wind must be known to compute the force acting on the disks. The different values of
the local upwind velocity V, the equilibrium velocity Ve, the downwind velocity V
0, and the
free stream velocity V1, displayed in Fig. 10, can be expressed by the following equations
(Islam et al., 2008):
V ¼ aupV1; (4)
Ve ¼ ð2aup  1ÞV1; (5)
V0 ¼ adwð2aup  1ÞV1; (6)
TABLE I. Comparison between four VAWTs.
Turbines
Items FP-VAWT
VP-VAWT
(cyclical)
VP-VAWT
(cycloidal)
VP-VAWT
(author)
Aerofoil
Symmetrical
aerofoil
Symmetrical
aerofoil
Symmetrical
aerofoil
Symmetrical
aerofoil
AoA 0 (180)
azimuth
0 0 0 0
90 (270)
azimuth
Max Max Close to max Max(maybe)
Pitch angle 0 (180)
azimuth
0 0 0 0
90 (270)
azimuth
0 Max Close to max 0
Pitch angle curve Sinusoidal curve Close to a sinusoidal
curve
Combination of two
trigonometric functions
Designed effect The largest growth is
limited in azimuths of
90 and 270
The largest growth is
limited in azimuths
near 90 or 270
The largest values will
distribute at four zones on
two sides of 90 and 270
FIG. 10. Figuration of the DMST model (Paraschivoiu et al., 2009). Reprinted with permission from I. Paraschivoiu et al.,
Int. J. Rotating Mach. 2009, 505343. Copyright 2009 Author(s), licensed under a Creative Commons Attribution 3.0
Unported License.
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where aup and adw are the axial induction factors in the upwind and the downwind regions,
respectively,
Vr ¼ V
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
k0  sin hð Þ2 þ cos2 h cos2 d
q
; (7)
a ¼ arcsin cos h cos dﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
k0  sin hð Þ2 þ cos2 h cos2 d
q
2
4
3
5; (8)
where symbol “*” means the subscripts of “up” or “dw” which represent the upwind half-circle
or the downwind half-circle, respectively; Vr is the local resultant velocity, Vr ¼ Vrup in the
upwind zone, and Vr ¼ Vrdw in the downwind zone; V is the upcoming wind velocity,
Vup ¼ V1, and Vdw ¼ Ve; k0 represents the local TSR, k0up ¼ rx=V1, and k0dw ¼ rx=Ve; h
is the azimuth angle; d is the tilt angle of the blade: it is a variable value in the U-type VAWT
but is 0 in the H-type VAWT; and a is the local AoA (Islam et al., 2008).
In our study, to determine the induction factors, a second set of equations derived from the
blade element theory were combined with those of the momentum theory, which were imple-
mented in each semistreamtube (Saeidi et al., 2013). Each blade was subdivided into several
elemental sections for which lift and drag coefficients were obtained from experimental meas-
urements. The lift and drag coefficients, CL and CD, for a given aerofoil section were manipu-
lated to provide the non-dimensional normal and tangential forces,
CN ¼ CL cos aþ CD sin a; (9)
CT ¼ CL sin a CD cos a; (10)
where CN and CT are the normal force and tangential force coefficients, respectively, and CL
and CD are the lift and drag coefficients, respectively.
Both the resultant velocity and AoA are the functions of the velocity induction factor “a”
for a given TSR. By combining the blade element theory and the momentum theory for each
streamtube, the induction factor, a, can be calculated from
fa ¼ pg 1 að Þ; (11)
where g ¼ r=R is the dimensionless parameter of the radius, and f is given by
f ¼ Nc
8pR
ðp
0
CN
cos h
jcos hj  CT
sin h
jcos hj cos d
 
Vr
V1
 2
dh; (12)
where N is the number of blades and c is the chord length.
The normal force, FN, and the tangential force, FT, are components of the resultant force
of the turbine and are calculated from
FNðhÞ ¼ cH
S
 ð1
1
CFNðnÞdn; (13)
FTðhÞ ¼ cH
S
 ð1
1
CFTðnÞdn; (14)
where CFNðnÞ ¼ CNðVr=V1Þ2ðg= cos dÞ and CFTðnÞ ¼ CTðVr=V1Þ2ðg= cos dÞ; n is the
dimensionless parameter of the height, H is the height of the turbine, and S is the swept area of
the wind turbine.
The upwind or downwind disk contribution to total torque can be obtained by summing the
moments of the tangential component of resultant force about the turbine center for each
streamtube,
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MðhÞ ¼ 1
2
qcRH
ð1
1
CTV
2
rðg= cos dÞdn; (15)
M ¼ N
2p
ðp
0
MðhÞdh; (16)
CM ¼ M

1
2
qV21SR
 
¼ NcH
2pS
ðp
0
ð1
1
CT
Vr
V1
 2 g
cos d
 
dndh; (17)
CP ¼ k0 CM; (18)
where MðhÞ is the local torque value, q is the air density, and M is the average value of the
local torque. CM is the average value of torque coefficient, and CP is the power coefficient.
This process is computed for the upwind zone in the given free stream velocity of V1 and
repeated for the downwind sections with the equilibrium velocity, given by Eq. (5), considered as
the free stream velocity for the second actuator disk in the downwind section of the streamtube.
Adding up the power coefficients in the upwind disk, CPup, and in the downwind disk,
CPdw, the total power coefficient CPt obtained for one cycle is
CPt ¼ CPup þ CPdw: (19)
B. Tip loss consideration
The effect of the tip loss was considered in the modeling. Tip loss characterizes the ten-
dency for trailing the vorticity from the tip of a wind turbine blade or from any other point
where the circulation distribution changes, thereby reducing the blade’s effectiveness. Prandtl’s
tip loss factor is commonly used for VAWTs (Soraghan et al., 2013),
F ¼ 2arccos e
p H
2
jzjð Þ=b 
p
; (20)
where Z is the height of the streamtube away from the equatorial position; the coefficient of b
in the upwind and downwind disks is expressed as follows:
b ¼ pVe
Nx
¼ pV1 1 2aupð Þ
Nx
; (21)
b ¼ pVe 1 2adwð Þ
Nx
: (22)
AoA after correction is expressed as follows:
a ¼ arctan FU sin h
U cos hþ xr
 
: (23)
The corrected resultant velocity is
Vr ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
xr þ U cos hð Þ2 þ FU sin hð Þ2
q
; (24)
where U is the stream velocity in the streamtube, in the upwind tube U ¼ V, and in the down-
wind tube U ¼ V0.
H-type VAWTs have a large aspect ratio blade, whose circular distribution in spanwise is
assumed as aplitic-shape. Therefore, the corrected lift coefficient and drag coefficient are given
as follows:
053302-11 Zhao et al. J. Renewable Sustainable Energy 9, 053302 (2017)
CL:f ¼ CL
1þ CL:a=1 ; (25)
CD:f ¼ CD þ C2L:f=1; (26)
where CL:f and CD:f are the corrected lift coefficient and drag coefficient; CL:a is the slope of
the lift coefficient curve; and 1 is the aspect ratio of the blade.
IV. MODELVALIDATION
The discussed DMST model is programmed using MATLAB routines. To calculate induc-
tion factors aup or adw, an iterative method is used. The upstream induction factor aup is ini-
tially set to be zero. Applying Eqs. (7), (8), (9), and (10) and substituting in (12) determine f,
and a new induction factor a is then calculated from (11). This procedure is repeated itera-
tively to calculate a new induction factor (aup or adw) until the difference between two consecu-
tive values converges to an error band of less than 0.0001.
The DMST model has been widely used for the prediction of the aerodynamic performance
of lifts in VAWTs, and the results have confirmed that the model can provide acceptable accu-
racy. In this paper, the model validation was used to verify the correction of the program pro-
cess rather than to test the accuracy of the mathematical model. Extensive experimental data in
the available literature are for the U-type VAWTs, whereas scarce information has been pub-
lished about H-type turbines. Thus, we chose a two-bladed U-type Darrieus turbine tested in
the Sandia National Laboratories, USA, for validation. The turbine has a height of 2m, a rota-
tion diameter of 2m, and a chord length of 0.09m and employs the NACA0012 airfoil. Tests
and measurements of the power coefficient versus TSR were conducted in the wind tunnel at
constant wind velocities of 7m/s and 9m/s, respectively (Strickland, 1975). As can be seen in
Fig. 11(a), the modeling results are consistent with the experimental results, which confirms the
correctness of the program process. In addition, Paraschivoiu and Delclaux (1983) employed
DMST to predict the performance of H-type VAWT employing NACA0015 aerofoil. As
depicted in Fig. 11(b), the two computational results agree well with each other, which once
again evidences that the program is correct. All the aerodynamics data of aerofoil are from the
reference study published by Sheldahl and Klimas (1981).
V. RESULTS AND ANALYSIS
The curve of the pitch angle versus azimuth was designed based on an H-type VAWT
rotating in the optimum TSR¼ 5.0. Its structure parameters are as follows: a height of 2m, a
rotation diameter of 2m, and a chord length of 0.09m, and it employs NACA0012 airfoil,
which are almost the same as those of the Sandia turbine except the parameter of the tilt angle
depending on the curve of the blade. Then, the performance in three TSRs, 4.5, 5.0, and 5.5
was modeled using the DMST mathematical model.
A. Angle of attack (AoA)
The 3D figures represent the distribution of AoA in the whole swept area of the blade (Fig. 12). It
is obvious that the AoA at the blade tip is zero because the tip loss causes a much lower (even zero)
velocity of the flow across the aerofoil than that of the spanwise one. Under FP-VAWT conditions,
whether in the upwind or the downwind region, the AoA appears to be in a parabolic shape; the
max values obtained are at an azimuth of 90 in the upwind zone and at an azimuth of 270 in the
downwind zone. At a certain height exclusive of two tips of the blade, the curve of AoA becomes
similar to a sinusoidal function, which is identical to the result of the theoretical analysis [Figs.
12(a), 12(c), and 12(e)].
Under VP-VAWT conditions, the shape of AoA changes into trapezoid in the upwind
region, which means that the maximum values do not only locate at 90 any more but also in a
much wider azimuth zone. It should be emphasized that the maximum AoAs have little change
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in contrast to those of the FP-VAWT. Small decreases are observed in this parameter with the
increase in TSR, which is caused by increasing resultant velocity.
As shown in Figs. 12(b), 12(d), and 12(f), the distribution of AoA appears in a “W” shape
in the downwind region of VP-VAWT. The maximum negative AoAs newly created on the two
sides of the 270 azimuth are larger than that in FP-VAWT. Both the pitch angle and the varied
upcoming wind velocity contribute to these changes. Doubtless, the VP-strategy increases the
AoA in the upwind region. On the other hand, according to the energy conservation law, the
upcoming wind velocity of the blade in the downwind region is decreased because more wind
energy is extracted in the upwind region of VP-VAWT than in that of FP-VAWT, which results
in a smaller wind velocity in their wake. Therefore, the VP-technology contributes mainly to an
increase in AoA, which causes performance enhancement of VAWT.
FIG. 11. Model validation: (a) comparison between computational results and experimental results and (b) comparison
between Paraschivoiu’s results and our results.
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B. Tangential force coefficient
The lift generated by the blade has a tangential component in the direction of rotation
which directly drives the blade to rotate. Thus, a higher tangential force would increase the
power output of the turbine under the condition of a constant angular speed. The tangential
force coefficient is a non-dimensional factor which can reflect the degree of the tangential force
and facilitates the comparison between different turbines.
As shown in Figs. 13(a), 13(c), and 13(e), in the FP-VAWT, the highest tangential force is
mainly located near the azimuth of 90 in the upwind region. Similar to AoA, the tangential
force appears as a parabolic configuration. As the TSR increases, the maximal value of the tan-
gential force coefficient decreases. This change is affected by two factors: the resultant velocity
and AoA. The increase in TSR leads to elevation of the resultant velocity, whereas AoA
declines. The effect of the growth of the resultant velocity is smaller than that of the reduction
of AoA, which results in obtaining a smaller tangential force in larger TSR. The tangential
FIG. 12. Distribution of AoA: (a) TSR¼ 4.5, FP-VAWT; (b) TSR¼ 4.5, VP-VAWT; (c) TSR¼ 5, FP-VAWT; (d)
TSR¼ 5, VP-VAWT; (e) TSR¼ 5.5, FP-VAWT; and (f) TSR¼ 5.5, VP-VAWT.
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forces in the downwind half-circle, including the maximum value, are lower compared to those
in the upwind region and decline further with the increase in TSR.
As seen in Figs. 13(b), 13(d), and 13(f), due to the impact of AoA on the blade in VP-
VAWT, the tangential force distribution exhibits a trapezoidal shape and a wider azimuth zone
with the largest values achieved in the upwind half-circle; the maximum value remains the
same as that of the FP-turbine. Following the tendency displayed in FP-VAWT, the increase in
TSR leads to a decrease in the maximum value of the tangential force coefficient. In the down-
wind half-circle, the growth is obvious when TSR¼ 4.5, with two new maximal values of tan-
gential force which make the whole shape obtain an M-like appearance. The value decreases
with the increase in TSR, but the growth compared to that in the FP-case is still larger.
C. Normal force coefficient
As depicted in Fig. 14, which displays the distribution of the normal force coefficient in
the whole circular path, the differences between the FP- and VP-VAWT are exceedingly similar
FIG. 13. Distribution of the tangential force coefficient: (a) TSR¼ 4.5, FP-VAWT; (b) TSR¼ 4.5, VP-VAWT;
(c)TSR¼ 5, FP-VAWT; (d) TSR¼ 5, VP-VAWT; (e) TSR¼ 5.5, FP-VAWT; and (f) TSR¼ 5.5, VP-VAWT.
053302-15 Zhao et al. J. Renewable Sustainable Energy 9, 053302 (2017)
to those of AoA, presented in Fig. 12. Importantly, the VP-technology widens the maximum
normal force zone in the upwind region and creates two new maximum negative forces. In
addition, with the increase in TSR, these phenomena become even more obvious. The direction
of the normal force to the circle path of the VAWT blade is vertical and does not affect the
power output but is closely related to the stability of the structure. The new VP-technology
reduces the normal force changes, which is extremely helpful in the decrease of structural
vibration.
D. Power
Figure 15 provides the power distribution among the whole swept area of VAWT. Its value
is the sum of the power of two corresponding half-streamtubes in the upwind and downwind
half-circles. Thus, Fig. 15 illustrates the comprehensive effect of the VP-technology on the
upwind and the downwind disks.
FIG. 14. Distribution of the normal force coefficient: (a) TSR¼ 4.5, FP-VAWT; (b) TSR¼ 4.5, VP-VAWT; (c) TSR¼ 5,
FP-VAWT; (d) TSR¼ 5, VP-VAWT; (e) TSR¼ 5.5, FP-VAWT; and (f) TSR¼ 5.5, VP-VAWT.
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As shown in Figs. 15(a), 15(c), and 15(e), a max power is produced at the azimuth of 90
and two negative power zones are produced at neighboring 0 and 180 azimuths. The overall
power output is the integration of the curved surface along the “Z” axis and azimuth.
Compared with the FP-VAWT, the new VP-VAWT achieves a significant improvement in
power performance. In the FP-VAWT, the power output exhibits an arch distribution, and the
output is relatively large only in an exceedingly small zone. In the VP-VAWT, the power out-
put distribution to a considerable extent approximates a rectangular shape, in which the zone
with high performance is markedly widened, whereas the zone adjacent to 0 and 180 azi-
muths with lower performance is greatly narrowed. The increase in TSR leads to changes in
the power output distribution in VP-VAWT. First, the maximum value is decreased slightly
with the increase in TSR. The larger the TSR is the smaller the AoA is, which leads to a
smaller power. Second, the distribution of the high power value fluctuates more significantly
FIG. 15. Distribution of power: (a) TSR¼ 4.5, FP-VAWT; (b) TSR¼ 4.5, VP-VAWT; (c) TSR¼ 5, FP-VAWT; (d)
TSR¼ 5, VP-VAWT; (e) TSR¼ 5.5, FP-VAWT; and (f) TSR¼ 5.5, VP-VAWT.
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with the augmentation of TSR. This is caused by the changes in the performance of the down-
wind disk (Figs. 11–13).
A comparison the curves of the power coefficient between the two turbines shows that the
VP-VAWT obviously has larger efficiency when TSR> 4.5. The wider zone of the maximum
power in the swept area of VP-VAWT causes the larger power coefficient. The growth of the
power coefficient has reached 18.9% in TSR¼ 5 and is getting larger as TSR grows (Fig. 16).
The coefficient of VP-VAWT is smaller than that of FP-VAWT as TSR< 4.5. The reason is
that the curve of the pitch angle designed in TSR¼ 5 also increases AoA at smaller TSR, and
the larger AoA may lead to stall happening easily in the upper surface of the blade, which
makes the turbine obtain a lower power coefficient in smaller TSR. Figure 16 also shows that
the new VP-technology widens the highest performance zone, which makes the turbines capable
of running with high efficiency in wider TSR zones.
VI. CONCLUSIONS
Contrary to the concept reflected in most of the recent publications, herein, we propose a
new VP-strategy that focuses mainly on aerodynamics improvement at the azimuth with the
low performance in the case of maintaining the zero pitch angles in four specific azimuths (0,
90, 180, and 270). The research was conducted based on the DMST model, and the tip loss
was evaluated by Prandtl’s mathematics. The following changes have been made in the new
VP-VAWT compared to FP-VAWT and are summarized in Table II:
FIG. 16. Curves of the power coefficient of FP- and VP-VAWT.
TABLE II. Final effect of the new VP-approach.
Turbines
Comparison items FP-VAWT VP-VAWT(Author)
AoA Upwind region Shape of distribution A downward parabolic shape Trapezoid like shape
Maximal value Only one position A wide zone
Downwind region Shape of distribution A upward parabolic shape W-like shape
Maximal value Only one position Two new bigger maximal ones
Tangential Force Upwind region Shape of distribution A downward parabolic shape Trapezoid like shape
Maximal value Only one position A wide zone
Downwind region Shape of distribution A downward parabolic shape M-like shape
Maximal value Only one position Two new bigger maximal ones
Power Swept area of turbine Shape of distribution arched shape Rectangular shape
Maximal value Only one position A wide zone
Power coefficient 18.9% growth at TSR¼5
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(1) In the upwind region of VP-VAWT, the distribution of AoA changes from a parabolic to trap-
ezoid shape, and the maximum AoA is not changed nor limited to a position but a wide azi-
muth zone. Two new maximum values are created in the downwind disk, and the whole
distribution appears as a “W” shape.
(2) In the upwind region of VP-VAWT, due to the impact of AoA, the maximum tangential force
is distributed in a much wider zone than that in FP-VAWT, and the trapezoidal shape appears.
In the downwind region, the distribution obtains an M-like shape due to the two newly created
maximum values, which are larger than those at the azimuth angle of 270 in FP-VAWT.
(3) In VP-VAWT, the normal force changes follow the tendency of the variations in AoA. A
smaller change in the normal force in the whole circle path makes the structure more stable
and considerably reduces vibration.
(4) Power distribution changes from an arched shape into a rectangular shape, and the vicinity
zones with poor performance near 0 and 180 are greatly narrowed, whereas the zone with
high performance is markedly widened. With the increase in TSR, this tendency is not
changed, and the max value is decreased.
(5) The new VP-approach greatly widens the high performance azimuth zone of a single blade
and effectively reduces the effect of small AOA. Consequently, an 18.9% growth in power
efficiency is achieved. The new VP-approach also widens the highest performance TSR zone
which makes the turbines capable of running with high efficiency in wider zones.
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NOMENCLATURE
Roman letters
a Induction factor (-)
Ac Amplitude of the pitch angle (deg)
As Max amplitude of the pitch angle (deg)
AoA Angle of attack (deg)
c Length of chord line (m)
CD Drag coefficient (-)
CL Lift coefficient (-)
CM Torque coefficient (-)
CN Normal force coefficient (-)
CP Power coefficient (-)
CT Tangential force coefficient (-)
CFD Computational fluid dynamics (-)
DMST Double multi streamtube (model)
FN Tangential force (N)
FT Normal force (N)
FP Fixed pitch (-)
h Height of blade element (m)
H Height of rotor (m)
HAWT Horizontal axis wind turbine (-)
M Torque of blade (N m)
N Number of blade (-)
p Power of rotor (kW)
r Rotation radius of blade element (m)
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R Equatorial radius of rotor (m)
S Swept area of wind rotor (m2)
TSR Tip speed ratio (-)
U Tangential velocity (m/s)
V Velocity in upwind tube (m/s)
V0 Velocity in downwind tube (m/s]
Ve Equilibrium velocity (m/s)
Vr Resultant velocity (m/s)
V1 Free wind velocity (m/s)
VAWT Vertical axis wind turbine (-)
VP Variable pitch (-)
X0 TSR of max CP at zero Ac (-)
Greek letters
a Angle of attack (deg)
c Pitch angle changed with the azimuth (deg)
d Inclination angle of blade element (deg)
g Dimensionless parameter of radius (-)
1 Aspect ratio of blade (-)
h Azimuth (deg)
k Tip speed ratio (TSR) (-)
n Dimensionless parameter of height (-)
q Density of air (kg m3)
x Rotor angular velocity (rad s1)
Subscripts
dw Downwind disk
N Normal direction
t Total
T Tangential direction
up Upwind disk
1 Free wind condition
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